Structural properties of LaCu 6−x Ag x have been investigated using neutron and x-ray diffraction, and resonant ultrasound spectroscopy (RUS) measurements. Diffraction measurements indicate a continuous structural transition from orthorhombic (P nma) to monoclinic (P 2 1 /c) structure. RUS measurements show softening of natural frequencies at the structural transition, consistent with the elastic nature of the structural ground state. The structural transition temperatures in LaCu 6−x Ag x decrease with Ag composition until the monoclinic phase is completely suppressed at x c = 0.225. All of the evidence is consistent with the presence of an elastic quantum critical point in LaCu 6−x Ag x .
Introduction
Quantum criticality continues to be a key pillar of research in condensed matter physics. Prototype examples include magnetic quantum critical points (QCP) in which quantum fluctuations of spins melt an ordered state of matter [1, 2, 3, 4] . However, in recent years, interest is beginning to shift toward new paradigms of quantum criticality [5, 6, 7, 8, 9] . For example, SrTiO 3 and KTaO 3 have been identified as being close to a ferroelectric QCP [6] , and the superconducting state in (Ca,Sr) 3 Rh 4 Sn 13 is associated with the nearby structural QCP [7] . Collectively these new examples of quantum criticality provide an opportunity for fresh perspectives and the discovery of new unifying insights.
Arising out of this emerging interest, an elastic QCP has been theoretically proposed [10] . This type of critical phenomenon is expected to occur when the quantum zero point motion of atoms generates a residual strain in the lattice suppressing the structural ground state. In this sense, the elas-tic QCP is fundamentally different from the magnetic and other structural counterparts [10] . Furthermore, recent experimental work demonstrates that LaCu 6−x Au x shows the promise of hosting an elastic QCP [11] . To provide a more comprehensive understanding of the tunability of the structural phase transition leading to an elastic QCP, here we present a study of the related series LaCu 6−x Ag x as a potential candidate of elastic QCP.
In this paper, we present structural properties of LaCu 6−x Ag x as a function of Ag composition and temperature. The monoclinic phase of LaCu 6−x Ag x is gradually suppressed with Ag substitution. The structural transition is accompanied by a gradual softening of some natural frequencies, as is expected for a continuous elastic phase transition. Linear extrapolation of T S with x shows that a complete suppression of the monoclinic structure occurs at the critical composition x QCP = 0.225. All of the measurements are consistent with the presence of an elastic QCP in LaCu 6−x Ag x . 
Experimental Details
Polycrystalline samples of LaCu 6−x Ag x (x = 0, 0.075, 0.1, 0.125, 0.135, 0.15, 0.155, 0.175, 0.2, 0.225, 0.25, 0.3) were synthesized by arc melting the elements La, Cu and Ag in stoichiometric proportions. The phase purity of the sample was characterized by laboratory x-ray measurements at room temperature. Samples with compositions x = 0.075, 0.1, and 0.125 were also measured on a PANalytical X'Pert Pro MPD powder x-ray diffractometer using CuK α,1 radiation (λ = 1.5406Å). For the characterization of the structural transition, diffraction measurements were performed at room temperature and 20 K, and temperature dependence of selected Bragg peaks was obtained in 10 K steps.
Resonant ultrasound spectroscopy (RUS) measurements were performed on the polycrystalline samples with compositions LaCu 6−x Ag x , x = 0.135, 0.155, and 0.175 using a set-up as described in the Ref. [12] . For the measurement, a rectangular parallelepiped sample was held between two transducers. Mechanical resonances within the range 10 -1000 kHz were collected as a function of temperature.
Neutron diffraction measurements were performed on the samples of LaCu 6−x Ag x (x = 0, 0.15, 0.2, 0.225, 0.25) with the HB-2A powder diffractometer at the High Flux Isotope Reactor (HFIR) of Oak Ridge National Laboratory (ORNL). Neutrons of wavelength 1.54Å were used for the measurement. Collimators containing parallel blades of cadmium coated steel were positioned before the monochromator, sample, and detector with divergence of 12 − 21 − 6 respectively. The sample of mass ≈ 5 g was finely ground in a glove box and placed inside a vanadium can with helium as an exchange gas. The can containing the sample was loaded in a closed cycle refrigerator system. Diffraction patterns were collected at room temperature and at 4 K. For x = 0.15 and 0.2, diffraction patterns at several temperatures were obtained near T S . For x = 0.225 and 0.25, diffraction patterns were obtained at room temperature and at 4 K only. The structural parameters were obtained using Rietveld refinement with the FullProf Suite software [13] .
High resolution x-ray diffraction measurements of LaCu 5.7 Ag 0.3 were performed using transmission geometry with 11-BM at the Advanced Photon Source at Argonne National Laboratory [14] . A monochromatic x-ray of wavelength λ = 0.413 was used for the measurement, which provides a Qresolution of
−4 . The sample was finely ground inside a glove box filled with argon, which was then mixed with amorphous SiO 2 in the molar ratio of 1:3 to minimize x-ray absorption. The mixture was packed inside a Kapton tube of 0.8 mm diameter. The Kapton tube containing the sample was spun at 60 Hz to achieve an efficient powder averaging during the measurement.
Results and discussion
Analysis of the room temperature laboratory xray diffraction pattern shows that the samples are of high purity and are consistent with either the orthorhombic (space group: P nma) (x ≥ 0.075) or monoclinic (space group: P 2 1 /c) structure (x = 0). The structural phase transition in LaCu 6−x Ag x was characterized by different methods: neutron and xray diffraction, and RUS measurements. Using xray diffraction, the temperature dependence of selected Bragg peaks was measured. At T S , some of the structural Bragg peaks pertaining to the orthorhombic structure split into two monoclinic peaks, which is shown in Fig. 1(a) . The splitting occurs only for the Bijovet pairs (H K L) with H = 0 and K = 0, which, due to the monoclinic distortion, acquire different d-spacing at T S . Neutron diffraction measurements were used to determine the temperature dependence of monoclinic angle β. Near T S , β gradually increases with lowering temperature as expected for a second order phase transition, and consequently, there is a continuous evolution of shear strain (e 12 ∝ cos(β)) in the monoclinic phase. Therefore, cos 2 (β) is linearly extrapolated to zero for the estimation of T S , as shown in Fig. 1(b) .
RUS measures the resonances that occur when the frequency of an ultrasonic wave matches with the natural frequency of the sample. The RUS measurements show that some of the natural frequencies gradually become soft as T S is approached. As the square of a natural frequency (F 2 ) is directly proportional to the combination of elastic constants, we have used F 2 as an indirect probe of elastic behavior in LaCu 6−x Ag x . T S is characterized by the change in the slope of F 2 versus temperature. An example is shown in 1(c), where the lines representing the slope of F 2 in the orthorhombic and monoclinic phases intersect at T S . The change in the slope of F 2 versus temperature can be attributed to a complete softening of the C 66 = C 1212 (Fig. 3(a) (7) 1 elastic constant [15, 16] , which is expected as the phase transition takes place with softening of corresponding acoustic phonon Γ − X and evolution of shear strain e 12 [11] . A phase diagram summarizing T S obtained from diffraction and RUS measurements is presented in Fig. 2 . T S in LaCu 6−x Ag x linearly decreases with Ag composition. A linear extrapolation of T S with Ag composition shows that the monoclinic phase is completely suppressed near x c = 0.225. For the compositions at and above x c , no structural phase transition is observed above 4 K (marked as squares in the phase diagram).
For a detailed understanding of the orthorhombic structure in LaCu 6−x Ag x and in particular, to investigate the distribution of Ag atoms in the orthorhombic unit cell, high resolution synchrotron x-ray measurements were performed for the composition LaCu 5.7 Ag 0.3 . As expected from the phase diagram, the diffraction pattern is consistent with the orthorhombic structure. In addition to the reflections from the main phase, small impurity peaks consistent with elemental copper appear in the diffraction pattern. The intensity of the impurity peaks corresponds to only 0.39% of copper by weight. No additional impurities were detected. The measured pattern with the fit of orthorhombic crystal structure is shown in Fig. 3(a) . The orthorhombic unit cell consists of four formula units, in which La and Cu/Ag are distributed in one general and five special sites. The crystal structure after the Rietveld refinement is shown in Fig. 3(b) . Details of the Rietveld refinements are presented in Table 1 .
The result presented here illustrates that the structural properties of LaCu 6−x Ag x are microscopically similar to the related series LaCu 6−x Au x , which has recently been identified as a host of an elastic QCP, and also to other members of the CeCu 6−x T x family [11, 17, 18] . In particular, the Rietveld analysis of the x-ray diffraction measurements shows that the crystal structure of LaCu 6−x Ag x is virtually identical to that of LaCu 6−x Au x [11, 17] . The substituent Ag in LaCu 6−x Ag x exclusively occupies the special copper position Cu2, and T S decreases linearly with chemical substitution as in the case of LaCu 6−x Au x . Furthermore, RUS measurements indicate that the elastic properties of LaCu 6−x Ag x are similar to the related compound CeCu 6 , indicating a similarity in structural properties. The structural resemblance of LaCu 6−x Ag x with the LaCu 6−x Au x and CeCu 6−x T x family indicates that the suppression of the monoclinic phase in LaCu 6−x Ag x results in an elastic QCP.
Conclusion
In conclusion, a structural phase diagram of LaCu 6−x Ag x is constructed using neutron and xray diffraction and RUS measurements. High resolution synchrotron x-ray diffraction measurement demonstrates that LaCu 6−x Ag x bears a structural resemblance to the related series LaCu 6−x Au x and CeCu 6−x T x . The phase transition in LaCu 6−x Ag x is driven by elastic instabilities, with the RUS measurement showing softening of natural frequencies at T S . T S in LaCu 6−x Ag x can be suppressed with Ag substitution, and the monoclinic phase is completely terminated at the critical composition x QCP = 0.225. The evidence taken together suggests that LaCu 6−x Ag x is a promising host of an elastic QCP. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for United States Government purposes. The Department of Energy will provide public access to these results of federally spon
